We investigated the effect of graded Al composition in the p-type AlGaN/GaN superlattices (SLs) of InGaN/GaN multiple quantum well light-emitting diodes (LEDs) to improve their performance. The light output power and external quantum efficiency (EQE) of LEDs with Al composition grading was increased compared with those of LEDs without Al grading, indicating that the efficiency droop was reduced. The improved output power and EQE of LEDs with a graded Al composition was attributed to the increased hole injection by the reduced AlGaN barrier height and the suppression of potential spikes between the graded AlGaN and GaN layers in SLs.
Introduction
Recently, advances in the performance of InGaN-based lightemitting diodes (LEDs) have widened their utility to include applications such as displays, automotive headlights and general lighting. However, the efficiency of InGaN/GaN multiple quantum well (MQW) LEDs was substantially reduced when injection current was increased [1] . This phenomenon is known as efficiency droop and it limits the development of high-power LEDs. The origin of efficiency droop is controversial and several explanations have been reported including electron overflow [2] , Auger recombination [3] , poor hole injection to the MQW region [4] , carrier delocalization [5] and defect density [6] . Electron overflow is a severe obstacle because leaked electrons may recombine with holes in the p-type GaN dominantly via nonradiative processes. To prevent electron overflow, a p-type Al x Ga 1−x N layer has been inserted between the p-type GaN layer and MQW as an electron blocking layer (EBL) [7] [8] [9] [10] . However, p-type AlGaN with a high Al content generally suffers from low hole concentration, which is caused by the high Mg acceptor activation energy of 200 meV. In order to overcome low p-type conductivity in Al x Ga 1−x N films, Mg-doped Al x Ga 1−x N/GaN superlattices (SLs) have been used and have shown a doping efficiency that is 10-fold higher than that of p-type GaN [11] [12] [13] [14] . So far, the enhancement of carrier transport has been verified only in the lateral direction, i.e. parallel to the SLs planes [15] . However, carrier transport along the perpendicular direction, which is required in InGaN/GaN MQW LEDs, is less efficient than along the lateral direction because most of the holes ionized from the acceptors are localized inside the SLs, which are clad by potential barriers as high as 100-400 meV [16, 17] . The hindrance of carriers in overcoming the potential barrier inside the SLs results in a low injection of carriers in the MQW region, leading to poor internal quantum efficiency (IQE) of LEDs. To improve the lateral transport properties and vertical conductivity of SLs, modulation-doped graded n-type AlGaN/GaN structures have been proposed [18] [19] [20] . Kauser et al reported that the vertical conductivity in p-type AlGaN/GaN SLs was enhanced by linearly grading and approximately doping the AlGaN barrier composition based on simulation results [21] . However, the effect of Al composition grading on InGaN/GaN MQW LEDs has not been clarified. In this study, we investigated the optical 
Experimental details
The InGaN/GaN MQW LEDs with p-type AlGaN/GaN SLs were grown on a c-plane (0 0 0 1) sapphire substrate by metalorganic chemical vapour deposition (MOCVD). First, a sapphire substrate was cleaned under H 2 at 1020
• C. After the growth of a 25 nm thick low-temperature GaN buffer layer at 550
• C, a 5 µm thick undoped and n-type GaN layer was grown at 1100
• C. Then, five pairs of InGaN/GaN MQW consisting of 3 nm undoped InGaN wells and 12 nm Si doped GaN barriers were grown, followed by the growth of p-type Al x Ga 1−x N/GaN SLs at 1000
• C. The p-type SLs consisted of eight pairs of AlGaN/GaN layers and the growth rate was 1.3 Å s −1 . Three different samples were grown and their schematic diagrams of the band structures are shown in figure 1 . A typical Al 0.16 Ga 0.84 N/GaN SLs structure with a thickness of 2.5 nm and 2 nm for the AlGaN and GaN layers, respectively, was used as a reference. The LED samples with grading I and grading II consisted of Al compositions in p-type AlGaN barriers that varied from 0 to 16% and from 16 to 0%, respectively. The Al composition in SLs with a linearly graded layer should be decreased to a half of that in SLs without a grading. The average Al compositions of the p-Al x Ga 1−x N/GaN SLs without and with a graded layer were estimated to be 16% and 10%, respectively, from the high resolution x-ray diffraction (XRD) ω-2θ scans of the GaN (0 0 0 4) reflection as shown in figure 2 . These values indicate that a linear grading of Al in AlGaN layers in SLs was roughly achieved. A p-type GaN layer with a thickness of 150 nm was deposited after the growth of SLs. To fabricate LEDs, a p-GaN layer was etched by an inductively coupled plasma (ICP) etching process using Cl 2 /CH 4 /H 2 /Ar source gases until the n-GaN layer was exposed for n-type ohmic contact. Then, the LEDs with a size of a 1100 × 1100 µm 2 were fabricated using 200 nm thick indium tin oxide (ITO) as a transparent current spreading layer and Cr/Au layers were deposited as n-and p-pad electrodes by e-beam evaporation. The light output power of packaged LEDs with and without graded Al composition was measured in an integrating sphere at room temperature. Figure 3 shows the voltage-current (V -I ) curves of three LEDs. The forward voltages of three LEDs without grading and with grading I and grading II were nearly the same as 3.5 V at 350 mA. This demonstrates that the electrical properties were not degraded by the graded Al composition of the p-type AlGaN/GaN SLs. Figures 4(a) and (b) show the EL spectra of three samples (without grading, grading I and grading II) at 100 mA and 350 mA, respectively. The measured peak wavelength of electroluminescence (EL) was 450 nm in the current range from 100 to 350 mA. The integrated EL intensity of LEDs with grading I and grading II was higher by 6.8% and 5.8% than that of reference LED at 100 mA, respectively. Furthermore, the integrated EL intensity of LEDs with grading I and grading II was higher by 10% and 7.6% than that of reference LED at 350 mA, respectively. These results indicate that the radiative recombination rate was increased due to the efficient hole injection by Al grading in p-type AlGaN/GaN SLs.
Results and discussions
Figures 5(a) and (b) are the valence band diagrams of LEDs without grading and with grading I and grading II at an injection current of 30 A cm −2 , which were calculated using a LED simulator SiLENSe. Figure 5 (b) shows the detailed valence band diagrams at the interfaces of MQW/p-SLs/p-GaN. Due to the polarization effect in the AlGaN/GaN heterostructure, potential spikes and notches (circles in figure 5 (b)) were produced at the interfaces of GaN barrier/AlGaN in p-SLs/p-GaN. The holes from p-GaN to the MQW were accumulated at the notches and spread in a lateral direction, and the spikes can interrupt hole flows as a potential barrier [22] . Therefore, holes must tunnel through the spikes when propagating towards the MQW and the efficient hole injection is limited. However, the spikes at the interfaces of GaN barrier/p-SLs and notches at the interfaces of the p-SLs/p-GaN layer were reduced in LEDs with grading I and grading II, respectively, as shown in figure 5(b) . Additionally, the AlGaN barrier heights in p-type AlGaN/GaN SLs with a graded Al composition were reduced compared with those of reference LED. As a result, hole flows to the MQW were not impeded by spike, notch and AlGaN barrier heights and holes can be efficiently injected to the MQW by Al composition grading.
Figures 5(c), (d) and (e) show the calculated electron and hole concentrations of LEDs without grading and with grading I and grading II. The hole concentrations of all MQW in LEDs with grading I and grading II were higher than those in the LED without grading while electron concentrations of three LEDs were fairly constant and uniformly distributed across the MQW region. Figures 5(c), (d) and (e) show that the hole concentrations of the quantum well adjacent to a p-type GaN layer in LEDs without grading and with grading I and grading II were 1.39×10 19 cm −3 , 5.82×10 19 cm −3 and 5.65×10 19 cm −3 , respectively. Therefore, the radiative recombination rate in the MQW of LEDs with a graded Al composition was increased due to the increased hole concentrations because the probability of electron-hole recombination is proportional to the hole concentration.
Figures 6(a) and (b) show the light output power and external quantum efficiency (EQE) of LEDs with and without graded Al composition as a function of injection current. As shown in figure 6(a) , the output powers of all LEDs increased sublinearly as the current density increased. Figure 6(b) shows that the EQEs of three LEDs had a maximum efficiency at a low current density of 5 A cm −2 (60 mA). The EQE of LEDs with a graded Al composition was similar to that of a LED without (60 mA). However, the EQEs of LEDs with grading I and grading II were higher than that of the LED without a graded Al composition by 9.5% and 6.5%, respectively at a current density of 30 A cm −2 (360 mA). Therefore, efficiency droop was improved in the LEDs with a graded Al composition. At high current density, however, the improvement of efficiency droop is decreased due to the reduced barrier height of EBL. Figure 5 (f ) shows the calculated conduction band diagrams of LED at the injection current density of 10 and 70 A cm −2 . The effective barrier heights of electron blocking are 0.50 eV at 10 A cm −2 and 0.33 eV at 70 A cm −2 . Therefore, the improvement of efficiency droop is suppressed for LEDs with a graded Al composition at high current density due to an overflow of electrons at higher current density. These results indicate that graded AlGaN layers in p-type AlGaN/GaN SLs alleviate the efficiency droop mostly at low current density. In particular, the AlGaN barrier heights (0.05 eV) in p-SLs with grading I are lower than those (0.1 eV) in p-SLs with grading II as shown in figure 5(b) . And LED with grading I shows a better efficiency droop behaviour than LED with grading II due to the efficient hole injection. Furthermore, the increment in EL intensity for the LEDs with grading I and grading II was 10% and 7.6% at 350 mA, respectively, compared with the LED without grading. These results indicate that radiative recombination was increased due to the efficient hole injection by the reduced AlGaN barrier height and the suppression of potential spikes between AlGaN and GaN in the SLs.
Conclusions
The output power of LEDs with Al composition grading in p-type AlGaN/GaN SLs of InGaN/GaN MQW LED was enhanced compared with that of a LED without grading. The integrated EL intensity of LEDs with grading I and grading II was higher by 10% and 7.6% than that of a reference LED (without grading) at 350 mA, respectively. The EQE of LEDs with grading I and grading II was increased by 9.5% and 6.5% at a current density of 30 A cm −2 , respectively compared with that of an LED without grading. The improvement of output power and EQE of LEDs with Al composition grading can be attributed to the increased hole injection by the reduced AlGaN barrier heights and the suppression of the potential spikes between AlGaN and GaN in SLs. These results indicate that graded AlGaN layers in p-type AlGaN/GaN SLs alleviate the efficiency droop mostly at low current density.
